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ABSTRACT 
Vasopressin and its homolog vasotocin regulate hydrominerai balance, stress responses, and social 
behaviors in vertebrates. In mammals, the functions of vasopressin are mediated via three classes of 
membrane-bound receptors: V1a-type, Vlb-type and V2-type. To date, however, only a single class of 
vasotocin receptor has been identified in teleost fish. Here, cDNAs encoding three putative vasotocin 
receptors - two distinct Vl a-type receptor para logs (VJ al and VJa2) and a previously undescribed V2­
type receptor (V2) - and a single isotocin receptor were isolated and sequenced from the Amargosa 
pupfish (Cyprinodon nevadensis amargosae). RT-PCR revealed that mRNAs for these receptors differed in 
expression patterns with VIal mRNAs abundant in the brain, pituitary and testis, Vla2 transcripts at 
greatest levels in brain, heart and muscle, V2 transcripts most common in the gills, heart and kidney, and 
isotocin receptor mRNAs abundant in the midbrain, pituitary and gonads. In response to an acute hyper­
osmotic challenge, pro-vasotocin and V2 mRNA levels in the hypothalamus decreased, while transcripts 
of VIal in the hypothalamus and Vla2 in the gills increased. Partial transcripts for structurally related 
V2-type, as well as multiple Vl a-type, receptors were also identified in other teleosts, suggesting that 
multiple vasotocin receptors may be present in many Actinopterygii fishes. 
1. Introduction 
The neurohypophysial hormone arginine vasopressin (VP) is a 
well established regulator ofosmotic balance, vasoconstriction, and 
social and affiliative behaviors in mammals. In teleost fish, VP's non­
mammalian homolog - arginine vasotocin (VT)- plays similar roles 
by regulating salt and waterbalance, cardiovascular function, social 
behaviors and the physiological response to stressors (reviewed 
by Balment et al .. 2006). In teleosts, VT has been shown to con­
trol osmotic balance by acting on the kidney and gills (Balment 
et al., 1993; Warne et al., 2002). VT induces an antidiuretic effect 
in the kidney by decreasing glomerular filtration rates resulting in 
a net increase in water reabsorption and decrease in urine flow 
(Amer and Brown, 1995), while concurrently acting on the gills to 
alter Cl- permeability (Guibbolini and Avella. 2003; Avella et al., 
1999). Accordingly, teleost VT receptor binding, immunoreactivity 
and mRNAs have been localized to kidney and gill tissues in sev­
eral teleost species (Guibbolini et al., 1988; Mahlmann et al., 1994; 
Guibbolini and Avella, 2003; Warne, 2001; Warne et al., 2005; An 
et al .. 2008a,b). VT receptor binding has also been localized to the 
nervous system of fish (Moonset al., 1989), where VT acts within 
the brain to regulate behaviors associated with sociality and repro­
duction (Goodson and Bass. 2001 ) and on the pituitary gland to 
modulate adrenocorticotropic hormone (ACTH) release (Baker et 
al., 1996). 
Receptors for VT/VP - as well as for the structurally related 
nonapeptides oxytocin, mesotocin and isotocin (IT) - are G­
protein coupled membrane receptors characterized by seven 
transmembrane helices connected via alternating extracellular and 
intracellular loops, as is typical ofclass A G-protein coupled mem­
brane receptors including rhodopsin (Barberis et al., 1998; Darlison 
and Richter, 1999; Palczewski et al., 2000). In mammals. VP acts 
through three distinct receptors types: V1a-type, V1b-type and 
V2-type. The amino acid structures of these three receptor types 
have been described in several species including rats, mice and 
humans (e.g., Thibonner et al., 1994; Boselt et al., 2009). In birds. 
three distinct VT receptors have been also identified; these recep­
tors appear to belong to the V1a-type, V1b-type and, tentatively, 
the V2-type mammalian VP receptor families (Tan et al., 2000; 
Cornett et al., 2003; jurkevich et al., 2005). The functional roles 
of these avian receptors in osmoregulation, stress responses, and 
oviposition appear to parallel those ofVP/VT receptors identified 
in other vertebrates (Baeyens and Cornett, 2006). Recently, three 
VT receptors belonging to the mammalian V1a-type, V1 b-type and 
  
V2-type receptor classes were also identiﬁed in the ﬁrebelly newt 
(Cynops pyrrhogaster) (Hasunuma et al., 2007). In Actinopterigian 
ﬁshes, however, only a single type of VT receptor has been identiﬁed 
to date. 
VT receptors have now been isolated and described from sev­
eral teleost ﬁshes ranging from ﬂatﬁshes to trout (Mahlmann et 
al., 1994; Conklin et al., 1999; Warne, 2001; An et al., 2008a). 
All these receptors constitute a single type of VT receptor that 
groups within the V1a-type class of mammalian VP receptors, 
based on the receptors’ amino acid structural identities and intra­
cellular signal transduction mechanisms. Mahlmann et al. (1994) 
ﬁrst demonstrated that the mammalian V1-type VP receptor-
speciﬁc antagonist [d(CH2)5,Tyr(Me)2,Arg8]vasopressin inhibited 
VT-induced membrane currents using the white sucker (Catosto­
mus commersoni) VT receptor expressed in Xenopus laevis oocytes. 
In a separate study using cultured gill epithelium from European 
sea bass (Dicentrarchus labrax), VT and the V1-type receptor agonist, 
[Phe2,Orn8]-oxytocin, were found to stimulate Cl− secretion, while 
a mammalian V2-type receptor agonist failed to have any effect 
(Guibbolini and Avella, 2003). Likewise, ﬂounder (Platichthys ﬂesus) 
VT receptor expressed in Xenopus laevis oocytes induced a VT-like 
inward voltage current following application of the mammalian 
V1-type agonist [Phe2,Orn8]-oxytocin, while the mammalian V2­
type receptor agonist [deamino1,Val4,D-Arg8]-vasopressin had no 
effect (Warne, 2001). This ﬂounder VT receptor was shown to act 
via a phospholipase C (PLC) and inosotol-1,4,5-triphosphate (IP3) 
intracellular signaling pathway (Warne, 2001), which is character­
istic of the transduction pathways used by mammalian V1-type 
receptors, but distinct from the adenylate cyclase and cAMP intra­
cellular signaling pathways used by mammalian V2-type receptors 
(Wargent et al., 1999). 
While these studies suggest that the teleost VT receptor acts 
through a PLC/IP3 intracellular signaling pathway similar to mam­
malian V1a-type receptors, there is also biochemical evidence that 
teleost ﬁsh may possess a V2-type receptor, or at least a VT recep­
tor that acts by altering intracellular cAMP levels. In isolated renal 
tubules from rainbow trout, Perrott et al. (1993) found that VT 
causes a dose-dependent induction of intracellular cAMP produc­
tion, a result consistent with the V2-type transduction pathway 
for VP in mammals (Wargent et al., 1999). Similarly, in trout 
hepatocytes and gill membranes, VT has been shown to alter adeny­
late cyclase activity and inhibit cAMP accumulation induced by 
glucagon (Guibbolini and Lahlou, 1987; Guibbolini et al., 2000). 
This inhibition appears to occur via VT induction of an inhibitory 
G-protein pathway (Guibbolini and Lahlou, 1992). Taken together, 
these studies suggest that some teleosts may possess a VT receptor 
that acts by altering cAMP intra-cellular signaling. 
Recently, two VT receptors, one mammalian V1a-type and one 
mammalian V2-type, were also identiﬁed in a Sarcopterygian ﬁsh, 
the African lungﬁsh (Protopterus annectens) (Konno et al., 2009). 
This lungﬁsh V2 receptor acts by modulating intracellular cAMP 
concentrations via a transduction pathway homologous to that of 
mammalian V2-type receptors, and consistent with the biochem­
ical evidence for a V2-type receptor in teleosts (Guibbolini and 
Lahlou, 1987, 1990). If lungﬁsh possess VT receptors from both 
the V1a-type and V2-type families, then when did the multiple 
nonapeptide hormone receptors presently seen in tetrapods ﬁrst 
evolve? Did a single VT/VP receptor evolve into the distinct V1a­
type, V1b-type and V2-type receptors prior to the divergence of the 
modern day tetrapod lineage from ﬁsh? 
Here, cDNAs for VT and IT receptors were isolated and 
sequenced from the brain of the teleost Amargosa River pupﬁsh, 
Cyprinodon nevadensis amargosae. The VT system has been stud­
ied previously in this species for its role in the regulation, and 
subsequent evolutionary diversiﬁcation, of aggression and other 
behaviors in allopatric populations inhabiting the Death Valley 
region of California and Nevada, USA. VT modulates aggression in 
male Amargosa pupﬁsh (Lema and Nevitt, 2004a), and in previ­
ous work, Lema and Nevitt (2004b) discovered that wild allopatric 
populations of this species differ in the size of hypothalamic VT­
immunoreactive neurons. This population-level variation in neural 
VT expression results from the interacting effects of variation 
in habitat conditions (e.g., salinity, temperature) and an evolved 
genetic difference between populations in how the VT system 
responses to environmental conditions (Lema, 2006). 
In the current study, cDNAs encoding putative receptors for VT 
and IT were isolated and sequenced from C. n. amargosae, as a ﬁrst 
step toward exploring how receptor regulation at the level of target 
tissues may contribute to evolutionary divergence in VT-mediated 
social behaviors, as has been seen in mammalian systems (e.g., 
Insel et al., 1994). Using degenerate primer PCR, three putative VT 
receptor cDNAs, and one IT receptor cDNA, were identiﬁed. Two of 
these VT receptor cDNAs appear to be paralogs that show greatest 
homology to mammalian V1a-type receptors, while the third cDNA 
encodes a previously undescribed teleost VT receptor with closest 
homology to mammalian V2-type receptors. 
2. Materials and methods 
2.1. cDNA cloning of vasotocin and isotocin receptors 
2.1.1. Total RNA isolation 
Amargosa River pupﬁsh (Cyprinodon nevadensis amargosae) adults were col­
lected from the Amargosa River near Dumont Dunes, San Bernardino County, 
California, USA, on 29 May, 2007 (salinity, 1.3 ppt; temperature, 22.2 ◦ C). An adult 
male pupﬁsh (body mass, 1.81 g; standard length, 40.05 mm) was euthanized in tri­
caine methanesulfonate (MS222; Argent Chemical, Redmond, WA), and the whole 
brain with connected pituitary dissected and stored in RNAlater (Applied Biosys­
tems, Inc., Foster City, CA). Total RNA was extracted using Tri-Reagent RT (Molecular 
Research Center, Cincinnati, OH) with bromoaniosole as the phase separation 
reagent. The resulting total RNA was DNase I treated (Invitrogen, Carlsbad, CA) and 
then quantiﬁed (260:280 ratio of 2.02; NanoDrop Technologies, Wilmington, DE). 
RNA quality was conﬁrmed by electrophoresis on a 1% agarose gel stained with 
ethidium bromide. 
2.1.2. Determination of partial VT and IT receptor cDNA sequences 
To obtain partial cDNA sequences, ﬁrst strand cDNA was synthesized in a 20 fl 
reverse transcription reaction by incubating 2 fg of total RNA template (4.83 fl) 
with 1.0 fl annealing buffer, 1.0 fl of random primers, and 1.17 fl of RNase-free 
H2O (Sigma, St. Louis, MO) at 65 ◦ C for 5 min. Subsequently, 10 fl of 5× buffer and 
2 fl of Superscript III Reverse Transcriptase Enzyme Supermix (Invitrogen) were 
added, and the mixture was incubated at 25 ◦C for 10 min followed by 50 ◦C for 
50 min and 85 ◦ C for 5 min. 
PCR was performed using degenerate primers designed from consensus regions 
of cDNA sequences for VT and IT receptors from ﬁsh and amphibians. For the V1­
type teleost VT receptor, one set of nested degenerate primers was designed to 
VT receptor cDNAs described previously from European ﬂounder (Platichthys ﬂesus, 
GenBank accession no. AF184966) (Warne, 2001) and cichlid (Astatotilapia bur­
toni, accession no. AF517936). For the V2-type VT receptor, BLASTX searches of 
GenBank using cDNA sequences for the V2 receptor from the amphibians Taricha 
granulosa (EF567078) and Cynops pyrrhogaster (AB274038) identiﬁed two putative 
teleost V2 receptor sequences. These two sequences – an EST sequence (GenBank 
no. XM 001345969) from zebraﬁsh (Danio rerio) and a genomic DNA sequence 
(GenBank no. CAAE01014991) comprising part of chromosome 9 of puffer (Tak­
ifugu rubripes) – were aligned (Sequencher, v.4.8, Gene Codes Corp., Ann Arbor, MI) 
and the resulting alignment used to design nested degenerate primers. For the iso­
tocin receptor, nested primers were designed to the IT receptor cDNA sequence 
from white sucker (Catostomus commersonii, accession no. X87783) (Hausmann et 
al., 1995) and deduced sequence from zebraﬁsh genomic DNA (XM 001341471). 
Degenerate primers for all receptors are provided in Table 1. 
Partial cDNAs for ˇ-actin and elongation factor-10 (EF-1˛) were also isolated 
and sequenced from Amargosa River pupﬁsh for use as control genes (Table 1). 
Degenerate primers for ˇ-actin were designed from zebraﬁsh (AF057040), mud 
carp (Cirrhinus molitorella; DQ007446), goldﬁsh (Carassius auratus; AB039726) and 
the carp Spinibarbus denticulatus (DQ656598), and to the ˇ-actin gene sequence 
from Rivulus marmoratus (AF168615). For EF-1˛, degenerate nested primers were 
designed to consenus regions of EF-1˛ cDNAs from Oryzias latipes (NM 001104662), 
Pagrus major (AY190693), Carassius auratus (AB056104) and Seriola quinqueradi­
ata (AB032900). These primer sets ampliﬁed a 697-bp partial sequence of ˇ-actin 
(EU886377) and a 827-bp partial sequence of EF-1˛ from Amargosa pupﬁsh 
(EU906930). 
   
Table 1 

Degenerate primers used for isolation of partial cDNAs for Vf/IT receptors, ~-actin and EF-1a. 

Receptor Primer name Direction Sequence (5' to 3') 
V1-type Vl-Fl 
Vl -Rl 
Vl -Nl 
V1 -N2 
Sense 
Antisense 
Sense 
Antisense 
CACAGAGGGGCAGTGCCAT 
CTCGCTCAGGGAGAAGATGAA 
GTGGT(C/T)GC(CJT)TTCTTCCAGGT 
CGGT(G/T)ATCCAGGTGAT(A/G)TACG 
V2-type V2­F1 
V2­R1 
V2­N1 
V2­N2 
Sense 
Antisense 
Sense 
Antisense 
ATGGTCAA(CJT)CTGTGTGTTGC(A/C)GA 
ACCTGACA{A/G/T)A{C{rXA/G)GTGAT(A/G)AT(A/G)A(A{r)G 
GTTTGC(A/C{r)TCCTC(CJT)TACATGATTGT 
GTCATCCAGGT(A/G)AC(A/G)TAGGC 
ITR ITR-Fl 
ITR-Rl 
ITR-Nl 
ITR-N2 
Sense 
Antisense 
Sense 
Antisense 
ATGAAGCACCTCAGCATTGC 
AACATGGAGATGATAAAGGGCAT 
CCTCAACTCATTTGGGACATCA 
GTCATTTTAACGGTGGTGATTTTGG 
f3-actin ~-actin-Fl 
~-actin-Rl 
~-actin-Nl 
~-actin-N2 
Sense 
Antisense 
Sense 
Antisense 
ATCATGTT(C/TY:,AGACCTTCAACACCC 
TACTCCTGCTTGCT(A/G)ATCCACAT 
GTGACATCAAGGAGAAGCT(G/C)TGCTA 
GCAATGCC(A/GY:,GGTACATGGT 
EF-101 EFla-Fl 
EFla-Rl 
EFla-Nl 
EF1a-N2 
Sense 
Antisense 
Sense 
Antisense 
GGGAAAGGAAAA(AJG)A(C{r~CACAT 
C(C{r)TTGAC(A/GY:,ACACGTTCTT(G/C)A 
CACAT(CjT)AACATCGTGGT(CjT)ATTGGC 
ACGTTGTCACCAGG(A/C/G)(A/GXC{rXA/GY:,C 
For each gene ofinterest, first-strandeDNA was amplified in a 50 jJ.I PCR reaction 
containing 2 jJ.I of reverse-transcribed eDNA. 3.0 jJ.I MgCh (25 mM), 10111 of lOx 
Flexi buffer, 1.0111dNTP, 025111 GoTaq polymerase (Promega, Madison, WI), and 
31.75 IJ.I RNase-free H2 0 under a thermal profile of 95°C for 2 min followed by 35 
cycles of95oC for 30s, 50- 52oC for 30s, and 72°C for 1 min, and ending with 72°C 
for 10 min on a PT-100 Thermal Cycler (Mj Research~ When electrophoresis of the 
PCR product on a 1.2ll: agarose gel revealed a band ofpredicted size, the eDNA was 
purified (QIAquick PCR Purification Kit, Qiagen, Inc., Valencia, CA) and sequenced 
on a ABI Prism 3100 Genetic Analyzer (Applied Biosystems, lnc.) using ABI Big Dye 
Terminator Cycle Sequencing Kit 3.1. Consensus sequences for each partial length 
eDNA were assembled using Sequencher™ v.4.8 (Gene Codes Corp., Ann Arbor, Ml). 
2.1.3. Cloning and sequencing offull-length cDNAs 
Nested gene-specific primers for all identified vr and IT receptors from Amar­
gosa River pupfish were designed from the partial eDNA sequences obtained above. 
These primers were then used to acquire the full-length eDNA sequences by 51­
and 3'-rapid amplification ofeDNA ends ( BD SMART RACE eDNA Amplification Kit, 
Ciontech Laboratories, Inc., Mountain View, CA). Gene-specific primers for the RACE 
reactionsare provided as part ofthe accompanying on-line Supplemental Materials, 
Table 1. First-strand eDNA was amplified in 50 jJ.I reactions with the following reac­
tion components: 5111 of lOx High Fidelity PCR Buffer, 2111 ofMgS04 (50 mM~ 1 jJ.I 
of dNTPs (10 mM~ and 0.2111of Platinum"' Taq High Fidelity Polymerase (Invitro­
gen, Inc.), along with 3 111ofeDNA template. Amplification occurred under a thermal 
profile of 5 cycles of94°C for 30s followed by 72°C for 2min; 5 cycles of94oc for 
30 s, 70 oc for 30 s, and 72 oc for 2 min, and then 25 cycles of 94 oc for 30 s, 68 oc 
Table 2 
for 30s, and 72 °C for 2 min. Electrophoresis of the 5'- and 3'-RACE products on 
1.2ll: agarose gels revealed single bands for some receptors; if a single band was 
not evident after the initial PCR. the nested gene-specific primers were used to 
amplify the 5'- and 3'-RACE products. The resulting cDNAs were cloned (TOPO TA 
Cloning Kit, Invitrogen) using ampicillin resistant bacteria, and the resulting plas­
mids were extracted, purified (Purelink™ Quick Plasmid Miniprep Kit, Invitrogen) 
and sequenced. Full-length eDNA sequences were obtained by aligning overlapping 
5'- and 31-RACE products (Sequencher™ v.4.8 software ) and compared against other 
neurohypophyseal receptor sequences using BLAST. 
The full-length sequence for each eDNA was confirmed by PCR using primers 
designed to the 5' and 3' untranslated regions (UTRs) ofeach transcript. Primers used 
in these full-length PCRs are provided as on-line Supplemental Material, Table 2. 
Reverse-transcribed total RNA was amplified in 50 111 reactions containing 2111 of 
eDNA template, 21 jJ.I nuclease-free H20 , 25111 ofTaq DNA polymerase (GoTaq Col­
orless Master Mix, Pro mega), and 1 111 each of forward and reverse primer under a 
profile of95°C for 2 min followed by 35 cycles of9SoC for 30s, 56°C for 30s, and 
72 oc for 4 min, and then 72 oc for 5 min. The resulting PCR products were examined 
on 0.8% agarose gels, and then purified (QIAquick PCR Purification Kit, Qiagen, Inc.) 
and sequenced. 
Amino acid alignments between the resulting pupfish Vf/IT receptors and 
homologous receptors for vertebrate neurohypophyseal hormones were made using 
the ClustaiW method (Lasergene software; DNASTAR, Inc., Madison, WI). The sec­
ondary structure of each membrane receptor was predicted using the Predict 
Transmembrane Topology (MEMSTAT v.J) program on the PSIPRED Protein Struc­
ture Prediction Server (http://bioinf.cs.ucl.ac.ukjpsipred/) Uones et al.. 1994; jones, 
Nucleotide sequences for primers and Taqman probes used in quantitative real-time RT-PCR. 
Transcript Primer or probe Sequence (5' to 3') Amplicon size (nucleotide bp) PCR efficiency (avg. %) 
V1a1 forward primer 
probe 
reverse primer 
CTGCTCATCGGAAATCTCCTGCAA 
ACCTAACGCAGAAGCAGGAGATTGGA 
TGATTTCGATCTTGGCCACCTCCT 
155 101.1 ll: 
V1a2 forward primer 
probe 
reverse primer 
GGTGCAAATGTGGTCAGTGTGGGATA 
TTGCCAGTCTCAACAGCTGCTGCAA 
GAAGGTGGCCGCTAAAGATCATGT 
140 105.1 ll: 
V2 forward primer 
probe 
reverse primer 
CGCCCTCATCATTACCATCTGTCA 
CCGCGAGATTCACAACAACATCTACCTG 
AGCTCAGCCATCACTATCCTCTCT 
101 104.5ll: 
ITR forward primer 
probe 
reverse primer 
CACCTGAGCATCGCAGATCTTGTT 
ATGTTTGCGTCCACCTACATGCTGGT 
GGCTGGCAGACTGCTAAACATCTA 
179 102.9ll: 
pro-VT forward primer 
probe 
reverse primer 
ATCAGAACCAGCAGCCATGCATCA 
TGTGCGTCCTGGGACTCCTCGCCCTCT 
AGTTCTGGATGTAGCAGGCGGA 
89 106.3ll: 
EF1a forward primer 
probe 
reverse primer 
TACAAGTGCGGAGGAATCGACAAG 
TGGACAAACTGAAGGCCGAGCGTGA 
GGTCTCAAACTTCCACAGAGCGAT 
162 102.2ll: 
  
Table 3 
Amino acid identity (%) of the Amargosa pupﬁsh VT receptors and IT receptor with other members of the vasopressin/vasotocin and oxytocin/mesotocin/isotocin receptor 
family. 
Accession no. V1a1 pupﬁsh V1a2 pupﬁsh V2 pupﬁsh ITR pupﬁsh 
V1a1 pupﬁsh GQ981412 – 69.74 32.99 50.50 
V1a2 pupﬁsh GQ981413 69.74 – 34.07 47.81 
V2 pupﬁsh GQ981414 32.99 34.07 – 33.76 
ITR pupﬁsh GQ981415 50.50 47.81 33.76 – 
VTR ﬂounder AF184966 70.69 85.16 33.48 49.48 
VTR cichlid AF517936 70.59 84.11 31.72 48.83 
VTR white sucker X76321 70.95 73.25 33.26 51.02 
V1a lungﬁsh AB377531 64.11 68.57 33.97 49.75 
V1/V1a ﬁrebelly newt AB274037 58.94 64.16 32.92 48.77 
V1a chicken NMOO 1110438 59.33 62.79 33.20 45.07 
V1a mouse NM 016847 54.59 58.69 33.00 44.53 
V1a human NM000706 53.81 58.31 32.79 45.68 
V3/V1b ﬁrebelly newt AB284503 49.88 52.32 33.61 44.17 
V1b chicken NMOO 1031498 49.88 46.90 36.34 46.76 
V1b mouse NM 011924 50.49 51.25 35.55 47.25 
V1b human NM000707 49.64 50.37 36.70 47.19 
V2 lungﬁsh AB377532 42.08 41.96 47.46 41.07 
V2 ﬁrebelly newt AB274038 41.32 44.48 44.35 39.89 
V2 chicken NMOO 1031479 44.59 44.39 35.81 44.00 
V2 mouse NM 019404 39.53 39.40 41.54 38.22 
V2 human NM000054 39.22 38.59 41.58 36.41 
ITR white sucker X87783 48.39 50.26 33.12 73.15 
MTR roughskinned newt DQ186599 46.80 49.47 33.83 62.69 
Abbreviations: VTR, vasotocin receptor; V1a, vasopressin/vasotocin V1a receptor; V1b, vasopressin/vasotocin V1b receptor; V3/V1b, vasotocin V3/V1b receptor; V2, vaso­
pressin/vasotocin V2 receptor; ITR, isotocin receptor; MTR, mesotocin receptor. 
2007), and hydrophobicity plots for each deduced receptor amino acid sequence 
were generated on the Kyte-Doolittle scale (Kyte and Doolittle, 1982). 
2.2. Sequencing of VT and IT receptor genes from genomic DNA 
Genomic DNA was isolated from the liver using the DNeasy Cell and Tissue Kit 
(Qiagen) prior to being treated with RNase (Promega). Genomic DNA was ampliﬁed 
in a 50  fl PCR reaction containing 2 fl of DNA template (∼200 ng), 25 fl GoTaq Col­
orless Master Mix (Promega), 21 fl nuclease-free H2O, and 1 fl each of forward and 
reverse primer (10 fM) using a thermal proﬁle of 1 cycle of 95 ◦C for 10 min, 40 cycles 
of 95 ◦C for 1 min, 54 ◦C for 1 min, and 72 ◦C for 3–4 min, followed by a ﬁnal extension 
of 72 ◦C for 10 min. Primer pairs were identical to those used above for full-length 
cDNA sequence conﬁrmation, and are provided as on-line Supplemental Material 
(Table 2). The resulting PCR products were visualized on 0.8% agarose gels with 
ethidium bromide (Invitrogen, Inc.) and then puriﬁed (QIAQuick PCR Puriﬁcation 
Kit, Qiagen, Inc.) and sequenced. 
2.3. Phylogeny construction 
Full length amino acid sequences for all identiﬁed pupﬁsh VT and IT receptors 
were aligned to the sequences of receptors in the VP/VT, OT/MT/IT, and related neu­
ropeptide families from other vertebrates and invertebrates obtained from GenBank. 
Amino acid sequences were aligned using ClustalX (Larkin et al., 2007). Phyloge­
netic analyses were conducted using MEGA v.4.1beta (Tamura et al., 2007), and a 
tree was assembled by the Neighbor-Joining method (Saitou and Nei, 1987) using a 
p-distance model. All positions containing alignment gaps were eliminated only in 
pairwise sequence comparisons (pairwise deletion of gaps). Conﬁdence values for 
clusters of associated taxa were obtained by bootstrap tests (1000 replicates). 
2.4. Tissue distribution patterns of VT and IT receptors 
One adult male (body mass, 2.22 g; SL, 41.50 mm) and one adult female (1.65 g, 
37.40 mm) pupﬁsh were collected by minnow trap on 28 May, 2007 from the 
Amargosa River. Pupﬁsh were immediately euthanized in MS222, and the brain, 
pituitary gland, gills, heart, gonads, liver, kidney, gastrointestinal (GI) tract and 
a piece of skeletal muscle from the side of the caudal peduncle were dissected. 
The dissected brain was further subdivided into the forebrain (olfactory bulb and 
telencephalon), midbrain (optic tectum and hypothalamus), cerebellum, and hind­
brain (medulla oblongata). All tissues were stored individually in RNAlater (Applied 
Biosystems, Inc.). Total RNA was extracted from each tissue using Tri-Reagent 
(Molecular Research Center, Inc.) and treated with DNase I (Invitrogen) before being 
quantiﬁed by spectrophotometry. First strand cDNA was then synthesized in 15 fl 
reverse transcription reactions containing 0.72 fg of total RNA template and the 
RT reaction conditions described above. PCR was performed using GoTaq Master-
Mix (Promega) under the following thermal proﬁle: 95 ◦C for 2 min, 30–34 cycles of 
95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, followed by 72 ◦C for 5 min (except 
for �-actin, where PCR was performed for only 24 cycles). Primers for each transcript 
are provided in the on-line Supplementary Materials, Table 3. PCR products (range: 
224–291 bp nucleotides in size) were visualized on 2% agarose gels with ethidium 
bromide (Invitrogen Corp, Carlsbad, CA) and photographed using a BioRad Gel Doc 
2000 Gel Documentation System (BioRad Laboratories, Hercules, CA). 
2.5. Semiquantitative RT-PCR evaluation of gonadal VT/IT receptor mRNA 
abundance 
A total of four (n = 4) sexually mature female (body mass, 1.42 ± 0.18 g; SL, 
37.12 ± 1.88 mm; mean ± SEM) and four (n = 4) sexually mature male (body mass, 
1.69 ± 0.15 g; SL, 37.37 ± 1.18 mm) pupﬁsh were collected by minnow trap from 
the Amargosa River on 29 May 2009. Fish were quickly euthanized in MS222, and 
the testes and ovaries were dissected and stored in RNAlater. Microscopic exam­
ination of one gonad from each ﬁsh indicated that all ﬁsh were sexually mature, 
and the presence of mature oocytes throughout the ovaries suggested that it is 
likely that these large pupﬁsh were actively spawning, as would be expected for 
this population during April-May (Soltz, 1974). Total RNA was extracted from the 
other gonad of each ﬁsh (Tri-Reagent; Molecular Research Center, Inc.), DNase I 
(Invitrogen) treated, and quantiﬁed by spectrophotometry before ﬁrst strand cDNA 
for each sample was synthesized in 25 fl reverse transcription reactions contain­
ing 1.5 fg of total RNA template under the RT reaction conditions described above. 
PCR was performed using GoTaq MasterMix (Promega) under the following ther­
mal proﬁle: 95 ◦C for 2 min, 24–35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 
1 min, followed by 72 ◦C for 5 min. Primers for each receptor were identical to those 
described above for assessing tissue distribution patterns of each receptor transcript. 
PCR products were visualized on 2% agarose gels with ethidium bromide (Invitro­
gen) and photographed using a BioRad Gel Doc 2000 Gel Documentation System 
(BioRad Laboratories, Hercules, CA). Relative PCR product band intensity was then 
quantiﬁed in each testis and ovary using ImageJ 1.37v software (National Institutes 
of Health, USA). Statistical comparisons of gonadal transcript abundance for each VT 
receptor are expressed as relative levels, so that the tissue (testis or ovary) with the 
lower mean value obtained a relative value of 1. Statistical comparisons were then 
calculated between the sexes using t tests (Zar, 1996). 
2.6. Salinity regulation of pro-VT and VT/IT receptor mRNAs 
2.6.1. Acute salinity challenge 
Juvenile Amargosa pupﬁsh (body mass, 0.55 ± 0.08 g; standard length, 
24.70 ± 0.78 mm; mean ± SEM) were collected from the Amargosa River on 30 May 
2009 using minnow traps. Physical parameters in the Amargosa River were recorded 
as a salinity of 2.1 ppt, conductivity of 4060 fS, and dissolved oxygen content of 
9.57 mg/l (YSI 85, YSI Inc., Yellow Springs, OH). Pupﬁsh were maintained in 19 l, 
aerated tanks at ambient river temperatures for 7 days before being haphazardly 
assigned to one of three salinity treatments: 2.1 ppt (control), 17 ppt, or 34 ppt. 
Salinity changes in the aerated tanks were generated by the gradual addition of 
hyper-saline water (50 ppt; made from ambient water from the Amargosa River 
with Instant Ocean® , Aquarium Systems, Sarrebourge, France) over a period of 2 h 
until experimental salinities (17 ppt or 34 ppt) were achieved. Fish were maintained 
in these treatment groups for periods of either 5 h or 20 h (after beginning salinity 
{A) ·227 actagatgcaggg"9ctgatcagtggcgcaggg:gctgtacagc"9acggatccacagctgcytttttgcgccacagatg 
·147 gaacattgcttttgtttgaacctcaccaattctctcctgttggtcctgagctg"9caccgggg"9g<tgacagcctggctgtc 
·64 ~gtcacggttacgcactggcgggttggcacccgtgcacccgagggaa"9aggctgccact 
(B) 
•1 ~TCTGCTCATCGGMATCTCCTGCAACATCACAGAAGTCTTCAACCTAACGCAGAAGCAG 
MLCS SE ISCNI T E V FN LTQKQ 
... GAGATTGGAGCGGCGGGGTCTGCTCGGMCCTCAGCGGGMMCGMCGACACCGACCCGTTC 
E IG AAGSARNLSGK TNOTOPF 
•127 GGGCGCAACGAGGAGGTGGCCAAGATCGAMTCACGGTCCTGAGCCTGGCTTTCGTGGCGGCG 
GRNE E VA K I E l TV L Sl AFVAA 
•190 GTGGTGGGGAACCTGAGCGTCCTGCTGGCCATGTACAGGAGCCGCAGGAAGCTGTCTCGGATG 
VVG Nl SVll AMYR SRR K LSRM 
•253 CACCTGTTCATGMGCACCTGAGCCTGGCGGACCTGGTGGTCGCCTTCTTCCAGGTTCTGCCG 
Hl FMKHLSL AOLVVAFFQVLP 
•316 CAGCTCTGCTGGGAGGTCACCTTCCGCTTCT ACGGGCCGGACTTTCTGTGCCGCATCGTGAAG 
QLCWE V TF RFYG POFLCR IVK 
•379 CACCTGCAGGTTCTGGGCATGTTCGCTTCCACCT ACA TGATGGTGATGATGACGCTGGACCGC 
H l Q V l G M F A ST YMMVM M T l 0 R 
• .., TACATCGCCATCTGCCACCCGCTGCAGACCCTCCAGCAGCCCACGCGGCGCGCCTACATCATG 
VI AI CH PL QT L QQPTRR A VIM 
•505 AT MGCTCCACCTGGGCGTGCAGCCTGGTCCT CAGCACCCCGCAGT ACTGCA TCTTCTCCCTG 
I S S T WAC S L VLS T PQYCI FSL 
•568 AGCGAGGTGCGGCCCGGA TCGGCCGTCT ACGACTGCTGGGGGCACTTCGTGGAGCCGTGGGGG 
S EVRPG SAVYOCWG H FVEPWG 
.. 31 CCGCGCGCCTACATCACCTGGATCACGGCTGGGATCTTCCTGGTCCCCGTGGCTGTGCTCGTT 
PRAY I T WITAG IFLVPVAV L V 
.. 9 7 TTCTGCT ACGGGTTCATCTGCAGGGCGATCT GGAGGAA TCTGMGTGCMMCCCGCAGGMG 
FC Y G F I C RA IWR N LKC KTRR K 
•757 AGCGCGGACGCGGTGGTGGAGGCCACCMGAGCGGGATCCTGGGCAGGAGCTCTGTGAGCAGC 
S AOAVV E A T K SG I LGR SSVSS 
.a2o GTCTCCACCATCTCCCGCGCAAM TT ACGCACGGTCAAGA TGACTTTTGTGATCGTGGTGGCC 
VST ISR AKLRTVKM T F V IVVA 
•883 T ACGTGGTGTGCTGGGCTCCGTTCTTCACCGTGCAGA TGTGGTCCGTGTGGGACMGACCTTC 
YV VCWAPFF T VQMWSVWO K TF 
•946 TCCTGGGAgtaggactttttggccttctgacgtgttgctaccggcgttgcgga"9C"ggacacgcgggccagcgcgc 
s w 0 
aataacacgcttacgtaata<:gatccgtcggggaacg~ctacgcataccagtccgacaccctgctgtctgcgggacaacc 
gccgtgcacccggggtccgcggtccaggttcgcg"9cccgctcgcg"9gccgcttcacgctttacaccatcaaaaactttga 
Ccata"9Ccaccccgca"9aaaccggcctgtgttagggtggtgatac"9ttgatgctgttggtcttaccccatggcagaaaa 
gtattccgtgtgttaggcttaaag::agttattaaattaaaaaaaagcctgaatatgaccacctgaaaggatcattttgatttta 
tgctcattttaaagaccatgactctntatttacttggaaaattagaatttaaggacaacag 
•960 TGATTCTGAGAACACAGCAGTGTCTCTGTCTGCGCTGCTGGCGAGTCTGMCAGTTGCTGCMC 
OS E NTAVSLSALL AS LN SCCN 
•1016 CCGT GGAT AT ACA TGACCffi AGCGGCCACCTTCTCCAGGATTTCATGCACTGCTTCTCCTGT 
PW I YM TF SGHLLQOFMHCFSC 
•1087 TGCT ACCGGCTGCGGGACMGTTGAMAMCAGGACTCGGACAGCAGCATCCGTCGGACCACC 
CY Rl ROKL KKQOSOS S I R RT T 
•1150 CTGCTGTCCCGCCTGCAGGGTCCGCGTCTGTCAMGCCCTTCAGAGAACTCAACTACACCATC 
llS R LQ GPRLSK PFRE LNYTI 
•1213 MMACTGTCCACAAGCCACGCCTGCATCAiiEccctcaataaaccggcctgttaggggaattaacgcccggg 
K N C P Q A T P A S s top 
+1286 atgctgggtttgttgcagtctaaacggggagcgtttaccccatggcacaaaaaagtattcatcgcactataattgaggcttaaa 
+1370 aaacagcagtttaatttaacatttaaaaaaaaaaactcttlttaatg 
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(C) -165 agctccgtgttcctttgtgtgtgcaacaggtaccncat"9acgcgttagagaagcagtgcacagcccctctggcaCI.ggatc 
.a2 tgctagggcgcacagaggggcagtgccatgcacacttcnccgacgcgcctctcttaggtggagagaaccactgatgccctg 
. 1 miJI TGGG MCCCCTTCAMCAGCACCGT CCATCCGAACGGA TCCGACCCTTTT GCTAGAMC 
MMGT P SNST V H PNG SOPFAR N 
... GAGGATGTTGCCCAGATCGAGATCATGGTGCTCAGCATCACCCTTGTGGTGGCTGTGATCGGG 
E OVAQI E I MVLS IT LVVAV IG 
•121 AATGTGAGCGTCCTGCTG GCCA TGT ACMCACCAAGAAGMGA TGTCCCGGA TGCATCTTTTT 
N V S V l lAM Y NT K KK M S R MHLF 
•190 ATTMGCACCTCAGCCTTGCTGATCTGGTGGTCGCCTTCTTCCAGGTACTGCCGCAGCTGTGC 
I KHLS L AOL VVAF F QVLPQLC 
·253 .ffil:iAAGA TCACCGACCGCTTCT ACGGGACGGACGCTCTCTGCAGGATAGTGAAGCACCTCCAG 
WK I T OR F YG T OA L CR I VK HL Q 
.316 GTGATGGGGATGUTGCCTCCACCTN;ATGATGGTCATGATGACCTTGGACCGCTACATCGCC 
VMGM F ASTYMMVMM TL OR VIA 
•379 ATCTGCCACCCGCTGAMACCCTCCAGCAGTCCACCMGCGCTCCTACGTGATGATCATATCC 
I CHPL K TLQQS T KRSYVMIIS 
•'" ACGTGGATCTGCAGCCTGGTGCTGAGCAGCCCCCAGT ACTTCATCTTCTCCATGAGCGAGA TC 
TW ICS L V L SS P QYF I FSMS E I 
•505 MAMCGGCTCCGAGGTCTACGACTGCTGGGCGCACTTCATCGAGCCGTGGGGCTCCAAGGCG 
K N GS EVY OCWAH F I EPWGSKA 
·568 TACATCACCTGGATGACCGTGGGGATCTTTCTGGTGCCAGTGGTGATCCTCATCCTGTGCTAC 
Y IT WMTVG I F LV P VV l l l lCY 
.&31 GGGTTCATCTGCCACAGCATATGGMMATATCAAGTACAAGMAMGMGACGGTGGCCGGG 
G F ICH S IWKN I KYK KKK TVAG 
.. 9, GCAGCGGGCMGAACGGCCTGATTGGGAAGTGTTCAGTCAGCAGCATCACMCCATCTCAAGG 
AAGK N G LI G K CS VSSI TT ISR 
•757 GCCAMCTCAGGACGGTCAMATGACTTTTGTGATAGTTTTGGCCTACATCATCTGCTGGGCG 
AK L R TVKMTFVI VLAY I ICWA 
·820 CCGTTTTTCACGGTGCAM TGTGGT CAGTGTGGGAT MMACffi AAG TGGGA TGggtaagtaaca 
PFF T VQMWSVWO KN FK WO 
caaaaaaagttacaaattaataaaaataaggatagcag.acacattgtcaaagggaagaaaaaagacgcancgtttgcgc 
acagattttacgcacagaaaacagagcaacaattaaaactgcagaaactaaatttattatatttttttttaaaatgaCI.ccctg 
ttctagtagactcgcagcncacattcagtcaatactatatatggggcccaaaagtgtcgct tttttcaatagtagtattt tcgtg 
ataattcaatttctCI.tataatg:ataaatagattcttaaatattgaaataagtcttatttaaatctaattaaagtaatataat 
aagagcccaaatgtt cat tta t ttactcaat taaatgtt tct tgtatgtat gtatgtat gtat gagt tt taaaaataataagt ggc 
f!)fl)ffl;l(]fCittt!J;lf<Jf;w:t~M~tCit;\AAf"'.;U}~C~ftAAAANJI':t1d~~~~r.t~;:atAAt~tNtr.t~ 
ta<gaattgttttattgtatatttgaaaaaaattatatatagattttttta(K]aaatatttttgacagaaaaacttcacttan 
gattttacactgatatttgttttacag.tttgaattccagtgcaaacagggccgtatttaagaagttgctgagCI.ctgggttttg 
gtgccctacaoctctaagtgtattttllaacatagcacttccctgttatgtgcataagagcttcaatcattttagtgattttaCI.ta 
taaaaaatgcattttCI.ccaaaatcgtctttctgatcatagcttgaaatgttcagtttaggcaaaagtcaaatatttaaaactt 
gaocaagacctt~gactgagaatcttcatagatatctttgtqJttatactttcaaagaw::ataaaac<gcattacttaaa 
gacatccatacattaaagtaccaagaatataattatactccaccagccctgaaagaag"9ggatggatgtgcttccgttg"9 
cagcggttagcgtgtagJacccatttat~ggccttaatcttcgcaatct.acatcattatggttattaaacacacaatcttta 
aaacttcoct.a:cacttggg::taatg::atttactttagaaacattgtatttg::aagcatctattga:taatgtatca:Jaatagttt 
taggtgtgatgccacaagttggcatgtt"9""ggtccagccagatagtcgaagttagtgaattttocgtatctttacttatgca 
ggaaactatctcagtr}.gataaatttaacataata::cttgactcctg:aaaatttcagaaaaatgtgtttataaaacagtgaaa 
aattttattgatggtattaatacagggggagaatttgaattttgagccaagagtgataaacaccctatacagaacctccacc 
ctcctccaatataacaccagatgaagttcanacagaggcaCI.tctgcaaccttgagtataccagatgttttttggattaatc 
atttcttcctctctccx:tctgtctgttccacag 
.. ,, ATTCTGAGAACACAGCAGTGTCTCTGTCTGCGCTCCTTGCCAGTCTCMCAGCTGCTGCMC 
OSE N TAVSLSAL L AS L NSCCN 
.937 CCGTGGATAT ACA TGATCTTT AGCGGC CACCTTCTCCAGGA TTTCATGCACTGCTTCTCCTGC 
PW I YMifS G HLL QOFM H CFSC 
. 1000 TGCCGAAAACTAMCGCTGACTACMGMGGAGGACTCGGACAGCAGCATCCGCAGGACGACG 
CRKL N AOYKK E OS OS S IRRTT 
•1063 TTACTGACCAGGATCACCAATCGGAGCCCGACGGGCAGCTCCAGCMCTGGAGAGAGCTTGAT 
l l TR I T NRS PT GS SS N WRE LO 
. 1125 AACTCCCC AAAMCA TCAGCTCAGACAGAGifi!ilacaggcagtagctccaagaaacacatgtagagtgagttc 
N SPKTS AQT E stq> 
• 1198 "9Catgcaggattaggactaaaagttccacaaactnaaaattctaatgactaggaggcatttgctt 
(D) 
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elevation), at which time ﬁsh were collected, euthanized in MS222, and the hypotha­
lamus and gills were dissected and stored in RNAlater (Ambion) at 4 ◦C overnight, 
prior to storage at −20 ◦C until RNA extraction. 
2.6.2. Quantitative real-time RT-PCR assays 
Total RNA was extracted from the hypothalamus and gills (Tri-Reagent; Molec­
ular Research Center) and DNase I (Invitrogen) treated. Total RNA for each sample 
was diluted to a concentration of 15 ng/�l before being reverse-transcribed (RT) 
in 20 �l reactions containing 4.0 �l 5× buffer and 2.0 �l DTT (0.1 M; Invitrogen, 
Carlsbad, CA), 1.0 �l dNTP (10 mM) and 0.34 �l random hexamer (Promega), 0.20 �l 
RNaseOUT inhibitor (40 U/�l, Invitogen), 0.25 �l Superscript III reverse transcriptase 
(Invitrogen), 8.21 �l ddH2O (nuclease-free water, Sigma, St. Louis, MO) and 4.0 �l of  
total RNA template (15 ng/�l). All RT reactions were performed in 96 well plates on 
a thermal cycler (PT-100, MJ Research) under a thermal proﬁle of 25 ◦C for 10 min, 
50 ◦C for 50 min, and 85 ◦ C for 5 min. 
Taqman primers and probes for real-time quantitative RT-PCR assays were 
designed to the putative pupﬁsh VT/IT receptor sequences obtained above, and 
to pupﬁsh pro-VT (Lema et al., submitted for publication; GenBank accession no. 
GU138978), using Primer Express software (Applied Biosystems, Inc.). Primers and 
probes for all quantitative RT-PCR reactions were synthesized by Integrated DNA 
Fig. 1. Cyprinodon nevadensis amargosae V1a1 (GenBank accession no. GQ981412) (A) and V1a2 (GQ981413) (C) cDNA receptor sequences and their conceptual translation. 
Transmembrane segments predicted using MEMSTAT (http://bioinf.cs.ucl.ac.uk/psipred/) are underlined in the nucleotide sequence. Start and stop codons are highlighted 
in black. Introns located in the V1a1 (GU014233) and V1a2 (GU014234) receptor genes are also shown as lowercase regions of nucleotide basepairs within the open reading 
frame. Kyte-Doolittle hydrophobicity plots illustrating the seven transmembrane domains for the V1a1 (B) and V1a2 (D) vasotocin receptors. 
(A) :~ s,AAAGGA TCAGCGTAGAAACAGACTGGGA TGGA TT AGGTCTCTCCTCTCCAGGCGCCTCC 
(B) 
MER I SV E T DWDG L G L SSPGAS 
'"' GMGGAAACAACTTCTCTGT GTTTGT MC TGAACTGAGCTCGffi AACGCTTCTCGCACTGGA 
E GNNFSV F VTEl SS FN ASR T G 
•lll GGA TCCA TCTTTGGTATCTTTCAAGAGAA TGGCTCCMCI'CCACGCCTCACTCCCTGCCTCAA 
G S I F G I F 0 E N G S N T T P H SLPQ 
•190 CCCCGGACCAGGGI\CCAAGGACTGGCCCGGGCTGAGATCGCCGTTTTGGGGATGGTTCTGGCT 
PRT RDOG L AR AEI AVL GMVLA 
•2>3 CTCACCI'CCCTGGGCAACAGCTTCGTGTTGTGGGTCCTTCTGAGGAGAAGAMGCACAATGCA 
LTTL G N S F VLWVllRR R KHN A 
•316 CCTA TGCACCTGffi A TGGTCAACCTTTGTGTGGCTGACCTGGT GGTGGCTCTCTTTCAGGT A 
PM H L F M VNLCVAOL V V A LFO V 
•379 CTGCCTCAGCTGATA TGGGACA T AACAGAGAGGTTTCAGGGGCCTGACTTGCTCTGCCGGTCC 
l PO L IWOI T ERFOGPOL L CRS 
•••2 GTCMGTACTTGCAGATAGTGGGGATGTTTGCTTCCTCCTACATGATAGTTGCCATGACAGTC 
VKYL 0 1 VG M FASSYMI VAM T V 
•505 ~ATGCCATCTGCTGCCCACTGCAGGCTT ACCGCGTTGGAGCTATGTCCCGCTGG 
OR HH A I CC P L OAY R VGAMSRW 
•568 MCACCCCTGIGATGGTGGCGTGGGGCCTGGCTCIC,GTGCTTAG:,ATACCGCAC,GTGTTCATC 
NTPVMVAWGL Al V l Sl POV F I 
•63' TTCTCCCGCTCAGAAGTAGCGCCAGGAGAGTTTGAGTGCTGGGGTCACTTCACTGAGCCGTGG 
F S RS EVAPG E F ECWG H FTEPW 
•69> GGGCTGAAGGCCTACGTCACCTGGATGACCGTGGCTGTGTTCCTGCTGCCCGCCCTCATCATT 
G l K AYVTWMTVAV Fl l P All I 
•757 ACCATCTGTCAGgtaatactggttgcaccggctgcttccctgcagcgtacgctgactattgataacaggattacatgct 
T I C Q 
caaaaaaaa::tcacaggtaatgatgcatatggcagaaagaaatgcaaagtgcadtggcagccattgcccaacagccc 
atgggatgetgcaattgg tgtaaggtggtgaacagacattctggactgcctcccao:ggtcctgctctatttggggaaagata 
tttcaagagtctggccgtttctcoctaattaaagagcttgaggcggctgcccactctgagagcgatctgccaggatgtggaac 
atatgcgatacaaocgacttcacaatcagtaacctagttcttgatattgcatttgattcaagaagagtatt tttacacacaca 
ggctttcaaagtgat tacccat taaa tgctttctcttatttaaatattagcagctg;tcacatatctcccttcttca tata taaa 
agtaactttttocccocctacagtttaaaaaatgtcttagaggggaagtaataaaaaaaagccttagaccagttaaatgaa 
tagttttctgaattaocttttgoctcagctttcactgcattatacggggtctctatcaagatgctacatatgtcttgaaattgctt 
cccctctagcctttcaactgocaaactcagagaacatctcttttccatagttctctttaggtgoctcaaatccagncactcatg 
tagttcataaaaaaaaaaaacagcaagcttacccaaactggtgtctctgattgtctagtggtcaggactcagcactcocggg 
ttcgattocgggtcagggaagttgtattgggtcaccaactggtggcttgatgttaccctttaaagggaagtgttaccctagtgg 
ttagagcagtacgcttgtgcttaaaacacaacagcctgcaatctgggttcctgagcaagacccttaacocaacactgctocct 
gggtgccatactatggcagcccactgctccccaagggggtgggttaaaatgaagagagtgaatttocccattatgggacagt 
aaagg)ltttacattcacagaaataagac:atgaataaagataaaaccaattcataaaatagtgttacaacaa:ccaaaaa 
tt gaacagaa aa aa agacca gtct tt gt ccacgt occtg tt tt t a aatgtca tgtgtcata gt ataa aa attctataa aa ta 
taaaataaattacttatctaaggtggaaaaaaagactgaaaacattaggatggtctt[J:ttttacaacacagggttatgtgca 
cat ttga gaggca ataaa tg taggaa tt ga agoct gcaaaaatat ta at gaagtaag cct ta gagaatt tagt ggat tagct 
ctatgactt tgga tggagctggga at gt cagactataaa a teet tt tea gt gat ttt ca fl' tt tt ctt tgaaaagga aa ag tgg 
agccaatncq.ao:ataaaatncatagacaccntctctaaggca~aaagatataaacctgntagttatgcta:::ttaaa 
ggtt tcagagacagtt taatt gta ga tgact gataoca actcagcct gtat etc a gt tct tt ca aa ta at gt tt tt oct ctact 
caggcacgtggtaaeagtaaaactcatctggautgg,;;auaatgggctcct>taattgctgtctucag 
• 769 AT AAGM T CTTC CGCGAGATT CACAACAACATCTACCTGMGTCAGAGAGGA T AGTGATG GCT 
I I< I f Kt I HNN IYL KS t K I VMA 
•832 GAGCTGAMAGGAGTGAAAACCTGTTTCGCATCCACGGCTTTAGGACAGAGGAGGACCGGGCA 
E l KR S E NLFR I H GFRTE E ORA 
·895 AGGGAAAGGGAGAGGGGAAGACAGGTGCCTGGCAGAGGAGGAGGAGGACAACTGCTGAAGGAC 
R E R E RG R OV P G R GG GGOL L KO 
•958 AGCAA TTTACA TGACTGCGAAGTGGGACAACATT ACGACTATGTGCCGTCTGTT ATTCAA TAT 
SNLHOC EV GO H Y OYVPSVI OY 
,,o, AGTAGCTGCTGCGGTCAGACAGAAGGMCATCATTATCGCAAGAGCAAATACCAAAGGGCTCC 
S S C C G 0 T E G T S l S 0 E 0 I P K GS 
' """ GAffiCCGGGAGTCCTGTACCACTTCTCCCCGCTGTTCCCTGGACTGTGCCCCCCCTCCACAT 
O FR E SCTTSPRCSL OCAPPPH 
• '147 CCAGTCACTCCACCTCACAGTATCACT AAAGCCA T GT CCAAGACAGTGAGGATGI'CTCT AGTT 
PVTP PH S I T KAMSKTV RMTlV 
,,,o ATAGTGCTGGTCTACACCATCTGTTGCTCGCCGTTCTTCATCGATCAGTTGTGGCCGGCTTGG 
I V l V Y TICCSPF FIOOLWPAW 
,,273 GATCCAGACCCTCCAGACCAAGGAGTGGCCTTCACTATCCTGATGCTGCTGGCCAGTCTGAAC 
O P O PP OOGVAF Tl lMll ASL N 
•'336 TCA TGC I'C CAACCCGTGGATCT ACACGGCCTTTTCCAGCAG CGTGTCCAGAGAGCTTCAAAAC 
SC TNP W IY T AFSS SVSR E L ON 
,,,.. CTGCTGCAGTGCCGGTCACGTCTCGGCCGACGGGGCTCCCTCCCCGATGACTCTACGGCCACA 
L L OC RSRLG R RGS L POOSTAT 
.1462 CACACCTCCACCACAAAGGACAACCTGTACU<;agacaocgaaaagagaaaatacaggcacatgcttga 
HT ST TK O Nl Y stop 
, ,>JJ aaaacacaggcgagttagctgcaaggactgatgcagoctgtagttcatgcatcacagcctgggaacagcctgacctctaoc 
·1615 agatg tt tgctt tgacaaaggacagctg ta coctca gcaggaca tccat ctg tgctcacctgtcta ctcagoccccgoccctct 
• 1699 accta:::cagaaruatfJ..cattgacaatgtcaacaccacacacagtccagcctctcttgcatctgcaatgcamatgatctoo 
•1781 aaagtaaagagattttcacttcagtagct tttggcttggatctcgtggagtgattcatgtgaggaaaataaaaagaaaacac 
•1863 tgtctgactccaacactgcagagaacacaaggaatgcaaaggatggatagctgcatttatt tgctcgtggcatggctaatgc 
.1945 acaaaagcatcagataaagcttcggatctagagggacgcaaacagcaatatttgaaattgctgcagctataagttgggtoct 
•2<l27 aaaccaaggtgaaaattttttttatgttaattaaagatcagagactgaottcacactggaatcactctgaaggatttcttcaga 
•"'' agacggatgta tattcactcctgaggatggcgtattgaaagtaaacacagagccctgcaagaaagctgcagaaataaacac 
•2192 tctcttagaaaocttc-J)lt~· 
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.,, gagaagacatggcctt ca tea tc t ocat gt t gcttgctagccttaacagt tgctgtaat occtgga tc ta ta tg at tt tgocg 
-329 gtcaoctgttccatgaoctgata.a;:gagtttct!J=tgctgctg::agaaactat~gcagactcatcctg::caagtcaatcag 
-246 gagtgcaggcacaagatagatacagttgttcgcagagcgaggcagagtgaagctacctcaggcaaaaacgcagcaaatca 
-166 ttttoctgacagcccatcctttgtaagaatgttacattggagcaacagacgacagaaagacaactattcatggtgtaaaaga 
..sJ tC.."ltCla9-'lOOCCtC3C..-.g:agcclCOttcCCgtgtgtgtgotgt a..'lOCgtt goctgcgca..'lOOtttggcg::C3gtgcgcocg 
,, !iJm:;A T GAACTTTTATCCGCACAAGATGCTT GGCTTCAGAACTTTTCCT ATTGT AI'CTACAGT 
MD ELL SAODAWLO NF SYCNYS 
"" CATTTAAI'CAAGACTCATCCAGGGAACAACGTGGTAAACCCffiAAAGCGAAI'CGAAGAAGTG 
H l NK TH PG NN VVNPLKRNE E V 
•127 GCCAAAGTGGAAGTTI'CTGTCCTGGTGCTGGTGCTTTTGCTGGCTCTGACGGGTMCCTGTGC 
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Technologies (Coralville, IA) and are provided in Table 2. When possible, primers for 
quantitative RT-PCR reactions were designed to span an intron. Selected real-time 
RT-PCR products for each of these primer sets were sequenced to conﬁrm speciﬁcity 
of the primer and probe sets. 
Quantitative RT-PCR reactions were run in 25 fl volumes with each reaction 
containing 12.5 fl Master Mix (ABI Universal MasterMix Reagent), 0.5 fl forward 
primer (45 fM), 0.5 fl reverse primer (45 fM), 0.5 fl probe (10 fM), 8.0 fl ddH2O 
(nuclease-free water, Sigma) and 3.0 fl of reverse-transcribed cDNA template. Reac­
tions were run on an ABI 7500 Sequence Detector under a PCR thermal proﬁle of 
50 ◦C for 2 min, 95 ◦C for 10 min, and then 38 to 45 cycles of 95 ◦C for 15 s and 60 ◦C 
for 1 min. Serial dilutions of total RNA from the experiment were used as a stan­
dard curve reference. Samples comprising the standard curve were run in triplicate, 
and all experimental samples were run in duplicate (average % CV = 0.56%). For each 
gene measured, DNA contamination was assessed by analyzing a total RNA sample 
that was not reverse-transcribed, and each run included duplicate samples lacking 
cDNA template to further control for contamination. EF-1˛ was also quantiﬁed as 
a normalizing gene. Mean EF-1˛ transcript abundance was stable across all salinity 
treatment groups. Correlation coefﬁcients (r2) for the standard curve of each gene 
ranged from 0.989 to 0.996. PCR efﬁciencies for each transcript were calculated by 
the following equation: efﬁciency = −1+10(−1/slope), and are provided in Table 2. 
Relative VT and IT receptor mRNA expression was subsequently calculated using 
the serially diluted standard curve, normalized to EF-10 mRNA expression in that 
tissue, and expressed as a relative level by dividing the resulting values to the mean 
of the designated control group within each sampling time (5 h or 20 h). Normal­
ization of transcript abundance values was conducted within each sampling time 
because it was found that the pupﬁsh hypothalamus exhibits diel variation in pro-
VT and VT/IT receptor transcript abundance (Lema et al., submitted for publication), 
which makes the effects of salinity treatment difﬁcult to distinguish when plot­
ted without normalization. Statistical comparisons of mRNA levels were carried 
out within each sampling time (5 h and 20 h) using one-factor ANOVA models, or a 
Welch ANOVA model when variances failed to conform to assumptions of normal­
ity even after transformation (Zar, 1996). When these models revealed a signiﬁcant 
difference, pairwise comparisons were performed between each salinity treatment 
group and its respective control group using Dunnett’s tests. All data are presented 
as mean ± SEM, and sample sizes (n) for each treatment group are provided in the 
appropriate ﬁgures. 
3. Results 
3.1. Isolation and sequencing of two distinct V1a-type receptors 
from C. n. amargosae 
Two cDNA fragments encoding putative pupﬁsh VT receptors 
were identiﬁed using RT-PCR with degenerate primers designed 
to other teleost VT receptors. BLAST analysis of these two frag­
ments conﬁrmed that both cDNAs shared high sequence similarly 
with VT receptors identiﬁed previously in other teleost ﬁshes, but 
indicated that these two pupﬁsh cDNAs were substantially dif­
ferent from each other. BLAST analysis of the two partial cDNAs 
revealed greatest homology with two VT receptor gene sequences 
from puffer (Takifugu rubripes, Genbank accession nos. AY027886 
and AY027887), suggesting the isolation of two distinct pupﬁsh VT 
receptor transcripts. Subsequent sequencing of full-length coding 
regions for these two pupﬁsh cDNAs was conducted using 5′- and 
3′-rapid extension of cDNA ends (RACE) PCR. The ﬁrst full-length 
cDNA transcript, named V1a1 (GenBank accession no. GQ981412), 
was 1634-bp nucleotides in length with a 1236-bp nucleotide open 
reading frame encoding a predicted protein of 412 amino acids 
(Fig. 1A). Examination of the secondary structure for this predicted 
protein revealed the presence of seven transmembrane domains 
(Fig. 1B), which is structurally characteristic of class A membrane 
receptors including all VP/VT receptors. The second full-length 
transcript, named V1a2 (GenBank accession no. GQ981412), was 
1429-bp nucleotide in length with a 1155-bp open reading frame 
encoding a deduced protein of 385 amino acids (Fig. 1C). Analysis 
of the secondary structure of this deduced V1a2 protein again indi­
cated the presence of seven hydrophobic transmembrane helices 
(Fig. 1D). Full-length PCR using primers designed to the UTRs of 
each cDNA ampliﬁed two V1-type receptor genes: one contained 
a 460-bp nucleotide intron and encoded the V1a1 transcript (Gen-
Bank accession no. GU014233), and a second for the V1a2 transcript 
that included a 1555-bp intron (GU014234). 
3.2. Isolation and sequencing of a teleost V2-type VT receptor 
cDNA 
Degenerate primer PCR identiﬁed a partial cDNA fragment for 
a V2-type receptor from C. n. amargosae. Extension of this partial 
cDNA generated a 2230-bp full-length cDNA with an open read­
ing frame of 1491-bp nucleotides encoding a predicted protein 
of 497 amino acids (GenBank accession no. GQ981414) (Fig. 2A). 
Subsequent analysis of the secondary structure for the deduced 
pupﬁsh V2-type receptor protein again revealed the presence of 
seven transmembrane domains (Fig. 2B). Full-length PCR and sub­
sequent sequencing using gene speciﬁc primers designed to the 5′­
and 3′-UTRs of this V2 cDNA identiﬁed a gene of 3679-bp, with a 
1727-bp intron located in the open reading frame (GenBank acces­
sion no. GU014235). 
3.3. Isolation and sequencing of the isotocin receptor from C. n. 
amargosae 
To demonstrate that C. n. amargosae contains a distinct IT recep­
tor mRNA in addition to the three VT receptor cDNAs identiﬁed 
above, degenerate primer PCR was used to isolate and sequence a 
partial cDNA fragment for the IT receptor. Extension of this initial 
cDNA fragment by RACE PCR generated a full-length transcript of 
2295-bp nucleotides containing an 1185-bp nucleotide open read­
ing frame encoding a deduced sequence of 395 amino acids (Fig. 2C) 
that showed high homology to the IT receptor from white sucker 
(Catostomus commersoni) (Hausmann et al., 1995). Secondary struc­
tural analysis of this predicted protein indicated the presence of 
seven hydrophobic transmembrane domains (Fig. 2D). As above, 
full-length gene speciﬁc primers were designed to the 5′- and 
3′-UTRs of this Amargosa River pupﬁsh IT receptor (ITR) cDNA (Gen-
Bank accession no. GQ981415), and used to isolate and sequence 
the ITR gene from pupﬁsh genomic DNA (Genbank accession no. 
GU014236). 
3.4. Sequence comparison and phylogenetic analysis of teleost VT 
and IT receptors 
Alignment of predicted amino acid sequences for the Amargosa 
pupﬁsh V1a1, V1a2, V2, and ITR cDNAs indicated closest struc­
tural similarity between V1a1 and V1a2, although all four putative 
receptors showed high homology in transmembrane domains 2, 
3, 6 and 7 (Fig. 3). Comparison of amino acid sequences likewise 
revealed strongest identity (69.7%) between the V1a1 and V1a2 
pupﬁsh receptors, and both of these receptors showed high identity 
to previously identiﬁed VT receptors from other Actinopterygian 
ﬁshes (70.6–85.2%) (Table 2). The pupﬁsh V2 receptor showed con­
siderably lower sequence identity to the V1a1 and V1a2 receptors 
(33.0–34.0%), as well as to previously described VT receptors from 
other teleosts (31.7–33.5%). This pupﬁsh V2 receptor did, however, 
show greater amino acid sequence identity to V2-type receptors 
Fig. 2. Cyprinodon nevadensis amargosae V2 (GenBank accession no. GQ981414) (A) and IT receptor (GQ981415) (C) cDNA receptor sequences and their conceptual translation. 
Transmembrane segments predicted using MEMSTAT (http://bioinf.cs.ucl.ac.uk/psipred/) are underlined in the nucleotide sequence. Start and stop codons are highlighted in 
black, and polyadenylation signals are bolded. Introns located in the V2 (GU014235) and ITR (GU014236) genes are also shown as lowercase regions of nucleotide basepairs 
within the open reading frame. Kyte-Doolittle hydrophobicity plots for the V2 receptor (B) and IT receptor (D) illustrate the seven transmembrane domains within each 
receptor protein. 
  
Fig. 3. Sequence alignment for amino acid residues of the V1a1, V1a2, V2 and ITR cDNAs identiﬁed from Amargosa pupﬁsh. Putative transmembrane helices (TM I–TM VII) for 
each receptor were predicted using MEMSTAT (http://bioinf.cs.ucl.ac.uk/psipred/) and are delimited by gray boxes. Intracellular loops (ICL) and extracellular loops (ECL) are 
also illustrated. Consensus between the sequences is indicated by asterisks (four identical residues) or by double dots (conservation between the V1a1 and V1a2 paralogs). 
Conserved residues shown to be important for receptor binding to the VT/IT peptides are marked by arrows. Black arrows indicate conserved residues that form a hydrophobic 
cleft in the receptor; white arrows indicate residues that form a lipophilic pocket; and gray arrows indicate residues that are involved in speciﬁc stacking interactions. 
from lungﬁsh and amphibians (44.5–47.4%). The comparatively 
low sequence identity between the pupﬁsh V2 receptor and V2­
type receptors from other vertebrates results from an elongated 
intracellular membrane domain (ICL III) located between trans-
membrane helices 5 and 6 in the pupﬁsh V2 receptor (Fig. 3). This 
elongated intracellular domain is not present in either the V1a1 or 
V1a2 receptor (Fig. 3), nor in any other previously identiﬁed teleost 
VT receptors. 
A phylogenetic tree comparing amino acid sequences for the 
pupﬁsh V1a1, V1a2, V2, and ITR to VP/VT and OT/MT/IT receptors 
from other vertebrates, as well as to VP/VT-like receptors from 
invertebrates, is shown in Fig. 4. This phylogeny revealed that the 
vertebrate VP/VT and OT/MT/IT receptors clustered into four dis­
tinct clades: V1a-type VP/VT receptors, V1b-type VP/VT receptors, 
OT/MT/IT-type receptors, and V2-type VP/VT receptors (Fig. 4). 
The newly identiﬁed pupﬁsh V1a1 and V1a2 receptors belonged 
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Fig. 4. Phylogentic tree based on alignment of deduced amino acid sequences for vasopressin/vasotocin and oxytocin/mesotocin/isotocin receptors from vertebrates, and for 
related neuropeptide receptors from invertebrates. Tree was assembled with the neighbor-joining method with pairwise deletion, and bootstrap values from 1000 replicates 
are indicated at each node. GenBank accession nos. for each sequence are provided following the taxon designation. Arrows indicate the receptors encoded by the pupﬁsh 
V1a1, V1a2, ITR and V2 cDNAs ((†) partial protein sequence only; (*) receptor amino acid sequence predicted from genomic DNA) (See Refs. Kawada et al., 2008; Stafﬂinger 
et al., 2008). 
  
Fig. 5. Distribution of VT receptor (V1a1, V1a2 and V2) and IT receptor mRNAs 
in the tissues and organs of the male (A) and female (B) Amargosa pupﬁsh. RT­
PCR products were analyzed by electrophoresis on a 2% agarose gel with ethidium 
bromide staining. PCR product sizes for each transcript are provided. 
to the V1a-type VP/VT clade, while the pupﬁsh ITR deduced pro­
tein grouped within the clade comprised of all vertebrate OT/MT/IT 
receptors. The pupﬁsh V2 receptor likewise grouped within a clade 
containing the V2-type receptors from mammals, amphibians, and 
lungﬁsh. Interestingly, however, the two avian V2-type receptors 
identiﬁed to date – a VT  receptor cDNA from chicken (GenBank 
accession no. NM 001031479 and AF147743) and a putative V2­
type VT receptor gene from zebra ﬁnch (Genbank accession no. 
XM 002195382) – do not group within this same V2-type recep­
tor clade, suggesting that these described avian VT receptors may 
instead belong to a previously unrecognized class of VT receptors 
distinct from teleost, amphibian and mammalian V2-type receptors 
(Fig. 4). 
3.5. Comparison of tissue expression patterns for VT and IT 
receptor mRNAs 
Receptor mRNA transcript levels, as indicated by RT-PCR, varied 
among organs and tissues (Fig. 5). V1a1 mRNAs were most abun­
dant in the midbrain (optic tectum and hypothalamus), cerebellum 
and pituitary gland of both sexes. V1a1 transcripts also showed a 
distinct sex difference in gonadal expression, with V1a1 mRNAs 
abundant in the testis but not the ovary (t = 6.756, p = 0.003) (Fig. 6). 
The expression pattern of the V1a2 receptor was distinct from that 
of the V1a1 receptor, with expression highest in the midbrain, cere­
bellum, heart and skeletal muscle (Fig. 5). A fainter ampliﬁed V1a2 
cDNA product was also present in gill tissue (Fig. 5). The V2-type 
receptor transcript, in contrast, was most abundant in the gills, 
heart, interenal gland, and liver (Fig. 5). 
3.6. Regulation of pro-VT and VT/IT receptor mRNAs in the 
hypothalamus and gill by salinity 
Acute exposure to hyperosmotic conditions (17 ppt or 34 ppt) 
for 5 h or 20 h altered transcript abundance for pro-VT, and for 
the VT/IT receptors, in the hypothalamus of juvenile pupﬁsh 
Fig. 6. Semi-quantitative RT-PCR comparison of VT receptor (V1a1, V1a2 and V2) 
mRNA levels in the gonads of sexually mature male and female pupﬁsh. RT-PCR was 
run using gene-speciﬁc primers and the resulting PCR products visualized on 2% 
agarose gels. Relative band intensity was quantiﬁed using ImageJ 1.37v software, 
and t tests used to compare the expression of each transcript between ovarian and 
testicular tissues. Asterisks indicate a statistically signiﬁcant difference between 
**tissues (* p < 0.05, p < 0.01). The control gene, �-actin, showed similar transcript 
abundance in testicular and ovarian tissues. Transcript levels are expressed as rel­
ative values to the mean of the lesser expressed tissue (testis or ovary). All values 
are plotted as mean ± SEM. 
  
Fig. 7. Acute exposure to elevated salinity results in decreased pro-VT transcript 
abundance in the hypothalamus. Results are expressed as normalized transcript 
abundance with respect to EF-1˛ transcripts from the same sample. Values are 
shown as mean ± SEM, and sample sizes (n) are denoted on each bar. Values sig­
niﬁcantly different from the control of the same treatment time (Dunnett’s tests) 
are indicated by asterisks (p < 0.05). 
relative to individuals maintained at natural osmotic condi­
tions (2.1 ppt). Elevated salinity (34 ppt) caused a reduction in 
hypothalamic pro-VT mRNA levels at both the 5 h (Welch ANOVA, 
F2,18.323 = 3.37, p = 0.057) and 20 h (F2,21.679 = 4.67, p = 0.021) sam­
pling times (Fig. 7). Transcripts for VT receptors were also altered, 
with V1a1 mRNA levels increasing by 50% in the hypothalamus 
of ﬁsh transferred to 34 ppt salinity, relative to control (2.1 ppt) 
ﬁsh (Fig. 8A). This increase in V1a1 mRNA levels was observed 
at both the 5h (F2,27 = 6.492, p = 0.005) and 20 h (F2,34 = 11.194, 
p = 0.0002) sampling times. V1a2 mRNA levels also showed a sig­
niﬁcant increase in pupﬁsh experiencing 34 ppt salinity conditions, 
although this increase was observed only at the 20 h sampling time 
(F2,34 = 11.386, p = 0.0002) (Fig. 8B). Transcript abundance for the 
V2 receptor showed a distinctly different pattern of change, with 
a signiﬁcant elevation in V2 mRNA levels in pupﬁsh exposed to 
17 ppt conditions, but a decline in V2 mRNAs under the 34 ppt con­
ditions 5 h after commencing the osmotic challenge (F2,27 = 10.456, 
p = 0.0004) (Fig. 8C). These changes in V2 transcript abundance 
were more consistent at 20 h of exposure, when ﬁsh in both 
the 17 ppt and 34 ppt treatments displayed reduced hypothala­
mic V2 mRNA levels (F2,34 = 15.708, p < 0.0001). Salinity also altered 
the abundance of transcripts encoding the IT receptor, although 
these changes were not observed until 20 h after exposure to ele­
vated salinity, when ITR mRNAs were signiﬁcantly reduced in the 
hypothalamus of pupﬁsh from the 17 ppt treatment, but elevated 
in ﬁsh from the 34 ppt exposure group (F2,34 = 19.634, p < 0.0001) 
(Fig. 8D). 
Acute hypersalinity challenge also affected levels of mRNAs 
encoding two of the VT receptors – as well as the IT receptor – in the 
gills, although these changes were distinct from those observed in 
hypothalamic tissues. In the gills, mRNA levels for the V1a2 recep­
tor increased in pupﬁsh 2- to 2.5-fold within 5 h of exposure to 
17 ppt and 34 ppt salinities, and remained elevated at these levels 
for at least 20 h in ﬁsh exposed to the 34 ppt conditions (Fig. 9B). 
Transcripts for the V1a1 receptor declined 40% in the gill within 5 h 
of transfer to 17 ppt water (F2,27 = 6.204, p = 0.006), but not 34 ppt 
Fig. 8. Regulation of V1a1, V1a2, V2 and ITR mRNA levels in the Amargosa pupﬁsh hypothalamus following acute salinity challenge. Results are expressed as normalized fold 
transcript abundance with respect to EF-1˛ mRNA levels from the same sample, with the mean values for each control group normalized to a value of 1.0. Values are shown 
as mean ± SEM, and sample sizes (n) for each group are denoted on the graph in A. Values signiﬁcantly different from the control of the same treatment time (Dunnett’s tests) 
are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001. 
  
Fig. 9. Acute salinity elevation regulates mRNAs encoding the V1a1 and V1a2 receptors for vasotocin, and the IT receptor in gills of juvenile Amargosa pupﬁsh. Transcripts 
for the V2 receptor were unaltered by exposure to elevated salinity. Values are shown as mean ± SEM, and sample sizes (n) for each group are denoted on the graph in A. 
Values signiﬁcantly different from the control of the same treatment time (Dunnett’s tests) are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001. 
water; however, this decline in V1a1 mRNA levels was not seen 
at the 20 h sampling time (Fig. 9A). Transcripts for the IT receptor 
also decreased in abundance by approximately 40%, although this 
decline was not apparent until 20 h of exposure to elevated salin­
ity, and was only statistically signiﬁcant in pupﬁsh from the 34 ppt 
treatment (F2,34 = 3.968, p = 0.028) (Fig. 9D). V2 mRNAs in the gills 
were unaffected by elevated salinity (Fig. 9C). 
4. Discussion 
In the present study, three full-length cDNAs encoding puta­
tive VT receptors were identiﬁed and sequenced from a teleost, 
the Amargosa pupﬁsh. In addition, a single cDNA encoding an IT 
receptor was isolated and sequenced from the same species. Phy­
logenetic comparisons of amino acid sequences for these pupﬁsh VT 
receptors with other vertebrate neurophyophyseal hormone recep­
tors revealed that two of the three pupﬁsh VT receptors belong 
to the V1a-type clade of VP/VT receptors (V1a1 and V1a2), while 
the third cDNA (V2) shares greatest amino acid structural simi­
larity with V2-type receptors from mammals and amphibians. To 
the author’s knowledge, this is the ﬁrst evidence for two distinct 
V1a-type VT/VP receptor cDNAs in a teleost, as well as the ﬁrst 
identiﬁcation of a V2-type receptor transcript in a ray-ﬁnned ﬁsh. 
Examination of the deduced amino acid sequences for these 
receptors reveals homology at several amino acid sites identi­
ﬁed previously as important for receptor interaction with VT/IT 
(Hausmann et al., 1996; Archarjee et al., 2004; ´ n,Slusarz and Gieido ´
2006; Cho et al., 2007). All three putative VT receptor cDNAs con­
tain Gln residues in the TM II helix (amino acid 106, as illustrated in 
the V1a1 deduced protein sequence presented in Fig. 3) and TM III 
(V1a1 amino acid 129) domains, which generate a hydrophilic cleft 
in the receptor for VT/IT binding. Similarly, a Lys residue within TM 
III (V1a1 amino acid 126 in Fig. 3), Thr in TM V (V1a1 amino acid 
219), and Phe and Gln residues in TM VI (V1a1 amino acids 303 and 
306, respectively) are conserved across all three VT cDNAs. These 
four residues produce a lipophilic pocket in the receptor for VT 
binding (Hausmann et al., 1996). Several other amino acid residues 
also suggested to be important for VT/IT binding, including a Thr in 
TMV (V1a1 amino acid 216 in Fig. 3), are also conserved in the puta­
tive VT/IT receptor cDNAs identiﬁed in pupﬁsh. Although additional 
biochemical characterization of the three putative VT receptors 
is still needed, the conservation of these key residues across the 
three pupﬁsh VT receptors suggests that these cDNAs may encode 
functional VT receptors. 
4.1. Identiﬁcation of two pupﬁsh V1a-type VT receptor cDNA 
paralogs 
Sequence comparison of nucleotide and amino acid structures 
for the two V1a-type VT receptors (V1a1 and V1a2) from Amar­
gosa pupﬁsh suggests that these receptors are likely paralogs that 
evolved through a gene duplication event. Genome duplications 
have occurred repeatedly in many teleost ﬁshes including those of 
the order Cyprinodontidae, and these duplications, whether occur­
ring at the whole or partial genome level, led Cyprinodontid ﬁshes 
to have multiple copies of many endocrine-related genes present 
only singly in mammals (Robinson-Rechavi et al., 2001; Larhammar 
et al., 2009). Further support for this hypothesis comes from the 
identiﬁcation of partial cDNA sequences for a homologous pair of 
V1a-type receptors in the closely related Atlantic pupﬁsh (Cyprin­
odon variegatus) (V1a1, Genbank accession no. GU120189; V1a2, 
GU120190) (S.C. Lema, current study, results not shown). Whether 
two V1a-type receptors have evolved more broadly in teleosts 
remains to be determined, but given the broad patterns of gene 
duplications seen in ﬁsh (Larhammar et al., 2009), and the pres­
ence of two gene sequences for homologous V1a-type receptors 
  
in the Tetraodontid ﬁsh Takifugu rubripes (GenBank accession nos. 
AY027886 and AY027887), it seems likely that similar V1a-type 
receptor paralogs may be found in many teleost taxa. 
While the functional roles of the V1a1 and V1a2 receptors 
remains to be determined, RT-PCR revealed that the two pupﬁsh 
V1a-type VT receptors have distinct mRNA expression patterns, 
with V1a1 mRNAs most abundant in the midbrain, cerebellum, 
pituitary gland and testis, and V1a2 transcripts common in mid­
brain, cerebellum, heart and muscle. Although RT-PCR expression 
patterns cannot pinpoint speciﬁc roles for either receptor, the 
distribution patterns do suggest functional differentiation. For 
instance, V1a1 transcripts were abundant in the pituitary gland 
of both male and female pupﬁsh, suggesting a possible role for 
this receptor in regulating negative feedback on VT secretion, or 
possibly as a modulator of VT-induced ACTH release and activa­
tion of the HPA axis (Baker et al., 1996; Engelmann et al., 2004). 
Supporting this idea, Pierson et al. (1996) demonstrated in pre­
vious work that VT stimulation of pituitary ACTH release in the 
rainbow trout occurred via a V1-type receptor-mediated pathway. 
Meanwhile, in the gonads, the dissimilar transcript distribution 
patterns suggest that the V1a1 and V1a2 receptors may have dis­
tinct functions in reproduction. Recently, VT peptide was localized 
to the gonads of the catﬁsh Heteropneustes fossilis (Singh and Joy, 
2008). Gonadal VT levels in this species showed a distinct sex 
difference, with higher VT in the ovary than the testis, but with 
both tissues showing changes in VT levels over the reproductive 
season (Singh and Joy, 2008). Singh and Joy (2009) subsequently 
found that VT regulates 17�-estradiol production by the catﬁsh 
ovary, with VT either increasing or decreasing 17�-estradiol levels 
depending on the stage of the reproductive cycle. The sex differ­
ence in gonadal V1a1 transcript abundance seen here between adult 
male and female pupﬁsh therefore suggests that the V1a1 recep­
tor may play a role in regulating sex-speciﬁc effects of VT on the 
gonad. 
In the central nervous system, V1a1 and V1a2 transcripts were 
abundant in the midbrain of male and female pupﬁsh, suggest­
ing a role for these receptors in mediating neural responses to 
VT. Neural expression of VT has been shown to be associated with 
social status in several ﬁsh species (Grober et al., 2002; Larson et 
al., 2006), and there is evidence that neural VT expression may 
correlate with species- or population-level variation in sociosex­
ual behaviors (Lema and Nevitt, 2004a; Lema, 2006; Dewan et 
al., 2008). Previously, V1a-type receptor antagonists (e.g., Manning 
compound) have been shown to induce opposing effects to exoge­
nous VT for social behaviors including aggression and courtship 
(Semsar and Godwin, 2004; Santangelo and Bass, 2006; see also 
Semsar et al., 2001; Lema and Nevitt, 2004b). Moreover, sex change 
in the bluehead wrasse (Thalassoma bifasciatum) has been shown 
to be induced by primary inﬂuences of the social environment on 
neural VT pathways (Semsar and Godwin, 2003). Future studies 
that examine the roles of V1a1 and V1a2 receptors in mediating 
behavioral transitions accompanying changes in social status or 
gonadal sex hold great promise for providing new insights into VT’s 
regulation of behavior. 
4.2. Identiﬁcation of a V2-type receptor cDNA in pupﬁsh 
Results presented here provide the ﬁrst description of a V2­
type receptor cDNA in teleost ﬁsh. This full-length V2 cDNA, with 
an open reading frame encoding a deduced protein of 497 amino 
acids, showed greatest amino acid identity to V2-type recep­
tors from tetrapods (Fig. 4). Additional evidence for the presence 
of V2-type receptors in other teleost ﬁsh comes from partial 
sequences for homologous V2 cDNAs obtained from the closely 
related Atlantic pupﬁsh (Cyprinodon variegatus) (GenBank acces­
sion no. GU120191), and from the more distantly-related Perciform 
ﬁsh, Stegastes partitus (GenBank accession no. GU120192) (S.C. 
Lema, current study, results not shown). 
Even though the deduced protein encoded by the pupﬁsh V2 
cDNA showed the greatest sequence similarity to V2-type receptors 
from mammals and amphibians, the similarity was unexpectedly 
low (i.e., 47% identity to the lungﬁsh V2-type receptor) (Table 3) 
due to the presence of an elongated intracellular loop III region (ICL 
III) in the deduced V2 receptor’s structure (Fig. 3). The presence of 
this elongated ICL III loop was conﬁrmed by full-length PCR and 
sequencing of both the V2 cDNA and gene using primers designed 
to the 5′ and 3′ UTRs. 
In V2-type receptors (Böselt et al., 2009) and, more generally, 
rhodopsin-like G-coupled receptors (Probst et al., 1992), the ICL III 
loop of the receptor is the region showing least conservation in 
residue composition and length. In mammalian V2-type receptors, 
the ICL III loop has been shown to be critical for receptor signal 
transduction (Liu and Wess, 1996). The binding of VP to the mam­
malian V2 receptor induces transformational changes in the ICL III 
loop, which interacts with G-coupled protein G0S and other intra­
cellular proteins (e.g., gC1qR) to generate an intracellular signaling 
cascade (Erlenbach and Wess, 1998; Bellot et al., 2009). The elon­
gated ICL III loop of the pupﬁsh V2 receptor might therefore indicate 
evolutionary divergence in the receptor’s intracellular transduction 
mechanism. 
Additional work is needed to determine whether the protein 
encoded by this newly identiﬁed V2 cDNA constitutes a functional 
receptor or represents a pseudogene or fusion gene. If this cDNA 
does not encode a functional receptor, the transcript might be 
playing a regulatory role in post-transcriptional intracellular pro­
cessing of a similarly structured V2-type receptor in the Amargosa 
pupﬁsh. It is interesting to note, however, that RT-PCR revealed a 
high abundance of the V2 transcript in the gills and kidney, which 
suggests a role for this receptor in maintaining hydromineral bal­
ance. Providing further support for this idea, results from the acute 
salinity challenge demonstrated that V2 transcripts were regulated 
in the hypothalamus and gill by hyperosmotic conditions (results 
discussed below). 
Whether or not the V2-type cDNA encodes a functional receptor, 
its identiﬁcation provides evidence that V2-type receptors evolved 
prior to the divergence of Actinopterygii ﬁshes from the modern 
tetrapod lineage. The recent discovery and characterization of a 
V2-type receptor cDNA in the Sarcopterygian lungﬁsh, Protopterus 
annectens, lends additional support for this early-origin hypothesis 
(Konno et al., 2009). Taken together, the presence of V2-type recep­
tor cDNAs in these ﬁshes indicate that V2-type VT/VP receptors 
evolved earlier in vertebrate evolution than previously thought, 
and it should be expected that similar V2-type receptor genes will 
be identiﬁed in other Actinopterygian ﬁshes. 
4.3. Response of pro-VT and VT/IT receptors to hyperosmotic 
challenge 
Amargosa pupﬁsh, and other members of the genus Cyprinodon, 
are euryhaline (Hillyard, 1981), and some taxa within the Death 
Valley clade of pupﬁshes can withstand salinities up to 105 ppt 
(Naiman et al., 1976). This extreme salinity tolerance has allowed 
Cyprinodon pupﬁshes to occupy a range of habitats – from coastal 
salt marshes to desert streams – which are outside the physiolog­
ical scope of most other teleosts. It has not yet been examined, 
however, what role neurohypophyseal neuropeptides play in the 
regulation of hydromineral balance in pupﬁsh. 
In this study, the transfer of juvenile Amargosa pupﬁsh from 
low salinity (2.1 ppt) to hypersaline (34 ppt) conditions caused a 
signiﬁcant reduction in hypothalamic pro-VT transcript abundance. 
This decrease was seen in pupﬁsh after 5 h and 20 h of exposure to 
34 ppt (Fig. 7). In teleost ﬁshes, it is well established that changes 
  
in environmental salinity alter the secretion of VT, which then reg­
ulates hydromineral permeability at the level of the kidney, gills 
and intestine (reviewed by Warne, 2002). In freshwater rainbow 
trout (Oncorhynchus mykiss), hyperosmotic stress has been shown 
to result in increased plasma VT levels (Kulczykowska, 1997, 2001). 
Freshwater-acclimated medaka (Oryzias latipes) transferred to sea­
water showed reduced pituitary VT content (Haruta et al., 1991), 
while VT content of the pituitary has been shown to increase 
in seawater-acclimated medaka and ﬂounder (Platichthys ﬂesus) 
transferred to freshwater (Warne et al., 2000; Haruta et al., 1991). 
Corresponding to these changes in pituitary and plasma VT lev­
els following osmotic challenge, hypothalamic VT expression has 
also been shown to respond to altered environmental salinities. 
In rainbow trout, the number of VT-immunoreactive (VT-ir) neu­
rons in the magnocellular region of the preoptic area decreased 
following transfer of ﬁsh from freshwater to seawater (Haruta et al., 
1991). Hyodo and Urano (1991) demonstrated that pro-VT mRNA in 
situ hybridization signal in hypothalamic magnocellular neurons of 
rainbow trout declined within one day of transfer from freshwater 
to 80% seawater. Taken as a whole, these results indicate that acute 
hyperosmotic challenge increases plasma VT levels by stimulating 
secretion of VT peptide from the neurohypophysis, and that hypo­
somotic conditions have the opposite effect (reviewed by Warne, 
2002). From the ﬁndings of the current study and those of previous 
work (Hyodo and Urano, 1991; Haruta et al., 1991), it appears that 
the acute changes in pituitary VT secretion are often paralleled by 
decreases in magnocellular pro-VT mRNA levels, possibly resulting 
from an increase in pro-VT mRNA translation. 
There are a few studies, however, that suggest the response 
of preoptic pro-VT mRNAs to hypersaline challenge may vary 
among species or across testing conditions. For instance, ﬂoun­
der (Platichthys ﬂesus) transferred from freshwater to seawater 
showed the expected increase in plasma VT and decrease in pitu­
itary VT protein levels within 8 h, but also had elevated, rather 
than reduced, hypothalamic pro-VT mRNA levels 4 h and 8 h after 
transfer (Warne et al., 2005). Similarly, hypothalamic pro-VT mRNA 
levels were found to decrease in stenohaline pufferﬁsh (Tak­
ifugu rubripes) one day after transfer to hyposmotic conditions 
(Motohashi et al., 2009). Whether the differential responses of 
hypothalamic pro-VT transcript abundance to osmotic challenge 
indicate species differences in the ability to acclimate to rapid 
salinity changes, result from variations in experimental design 
and testing conditions, or demonstrate differential regulation of 
mRNA transcriptional/translational processes is unclear. Pro-VT 
transcripts in hypothalamic parvocellular neurons of the teleost 
preoptic area are also known to be stress-responsive (Gilchriest 
et al., 2000), and inadvertent stresses associated with transfer of 
ﬁsh from one salinity to another might have altered hypothalamic 
pro-VT mRNA levels compared to those expected under osmotic 
challenge alone. In any case, magnocelllular VT-ir neuron number 
was observed previously to be reduced in Amargosa pupﬁsh raised 
in freshwater (0.4 ppt) conditions compared to more saline (3 ppt) 
conditions (Lema, 2006), and when combined with the changes in 
pro-VT transcript abundance observed in the present study, these 
ﬁndings indicate a role for hypothalamic pro-VT expression in reg­
ulating hydromineral balance in pupﬁsh. 
Results from the acute osmotic challenge conducted here also 
revealed that mRNAs encoding pupﬁsh VT/IT receptors are differ­
entially regulated in hypothalamic and gill tissues, suggesting that 
the receptors have distinct functional roles in mediating the phys­
iological and behavioral responses to osmotic stress. Few studies 
have examined changes in teleost VT receptor mRNAs in response 
to salinity challenge. In studies using the ﬂounder Platichthys ﬂe­
sus, chronically acclimated seawater and freshwater ﬁsh showed 
no difference in either gill or kidney VT receptor transcript abun­
dance (Warne et al., 2005; Balment et al., 2006). However, transfer 
of seawater-acclimated ﬂounder to freshwater for 24 h reduced 
both gill and kidney VT receptor transcript abundance (Balment 
et al., 2006). The receptor examined in these studies with ﬂounder 
was a V1a-type receptor, and the ﬁndings of Balment and cowork­
ers (2006) are consistent with the changes in V1a2 receptor mRNA 
levels seen here with pupﬁsh. This result, however, contrasts with 
that in olive ﬂounder (Paralichthys olivaceus), where transfer of 
seawater-acclimated (35 psu) ﬁsh to decreased salinities for 48 h 
resulted in increased V1a-type receptor mRNA levels in gill (and 
intestine) at salinities of 4, 8.75 and 17.5 psu, and increased VT 
receptor mRNA in the kidney at 0 psu (An et al., 2008b). 
4.4. Conclusions 
Results presented here provide the ﬁrst evidence for two 
V1a-type receptor paralogs and a V2-type receptor in an 
Actinopterygian ﬁsh. This research also shows that these three VT 
receptors exhibit distinct tissue patterns of expression and are dif­
ferentially regulated in the hypothalamus and gill in response to 
hyperosmotic challenge. Given that VT has been found to regu­
late stress responses (Baker et al., 1996; Gilchriest et al., 2000) and 
social behaviors (for reviews, see Foran and Bass, 1999; Goodson 
and Bass, 2001) in teleost ﬁshes – in addition to its well-established 
role in maintaining hydromineral balance – future research into 
the expressional regulation and function these three VT receptors 
promises to provide new insights into the diverse physiological and 
behavioral roles of VT in ﬁsh. 
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